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ABSTRACT  
 
The enhanced performance of carbon nanotubes (CNTs) over carbon black as a catalyst support and the out-
standing catalytic activities of one-dimensional (1D) Pt nanostructures endow them big potential for applications in 
fuel cells. However, the research has been mainly focused on the materials, and a combination of both 1D Pt 
nanostructures and CNTs to fabricate practical high power performance fuel cell electrodes still remains a 
challenge. In this work, we demonstrate catalyst electrodes from Pt nanorods grown on aligned nitrogen doped 
CNTs for proton exchange membrane fuel cell (PEMFC) applications. Short Pt nanorods are grown on CNTs 
deposited directly on 16 cm
2
 carbon paper gas diffusion layers (GDLs) via plasma enhanced chemical vapour 
deposition (PECVD) and nitrided using active screen plasma (ASP) treatment, which are directly employed as 
cathodes for H2/air PEMFCs. The thin open catalyst layer effectively enhances mass transfer performance and, 
with a less than half of the Pt loading, 1.23 fold power density is achieved as compared with that from com-mercial 
Pt/C catalysts. A better durability is also confirmed which can be attributed to the good structure stability of 
nanorods and the enhancement effects from the N-CNT support.  
 
 
1. Introduction 
 
Proton exchange membrane fuel cells (PEMFCs) are receiving ever 
increasing attention for automotive applications due to their high en-
ergy efficiency and less harmful pollutants emitted. However, while 
scale up of current technologies is pushing the applicability of PEMFCs, 
higher power performances are required to ultimately reduce the pre-
cious metal loading for a given PEMFC power scale [1]. Efforts in past 
decades have focused on improving catalytic activities of Pt based 
catalysts and reducing the over-potential for the oxygen reduction re-
action (ORR) at cathodes [2]. To this end great improvements have 
been made with recently reported jagged Pt nanowires demonstrating 
an ultra-high mass activity of 13.6 A mgPt−1, 31 fold higher than 2020 
target, 0.44 A mgPt−1, defined by the U.S Department of Energy [3]. 
Considering the big disparity in the performance of novel catalysts 
evaluated by half-cell electrochemical measurement in liquid acid 
electrolytes and within the membrane electrode assembly (MEA) in 
single cell tests [4], there is still big challenge to apply these novel 
catalyst nanostructures to fabricate fuel cell electrodes with high power 
performance to reduce the Pt loadings for minimal stack cost [1].  
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In light of the drive to more active ORR catalysts, alternatives to the 
conventional carbon black catalyst supports have been much con-
sidered [5]. Carbon nanotubes (CNTs) and graphene are two carbo-
naceous supports that have shown to improve the catalytic activity and 
stability of the supported Pt catalysts in comparison to mesoporous 
counterparts through enhanced electrical conductivity and metal-sup-
port interaction [6–8]. One of the inhibiting factors of such supports, 
asides from the difficulty in synthesis scale up, is that such pristine 
surfaces do not lend themselves well to the deposition of metal catalyst 
particles. Through surface functionalization with surface organic groups 
[9], metallic seeds [10,11] or heteroatom dopants [12,13], suitable 
anchoring sites can be provided, with additional benefits of further 
enhancements to the catalytic activity of the surface catalyst particles. 
Compared to the conventional acid treatment which can ne-gatively 
alter the mechanical and electronic properties of carbonaceous 
structures [14], heteroatom functionalization can provide additional 
catalytic enhancements and catalyst stability [15–18]. An additional 
advantage is that the use of heteroatoms to dope a carbon surface has 
also been shown to improve the catalytic activity of a supported metal 
catalyst through the change of the metal’s d-band electronic structure 
 
 
 
 
[19]. In particular, nitrogen doping (N-doping) can not only increase the 
binding energy of precious metals to a substrate, but it can also 
provide catalytically active carbon sites on an otherwise pristine 
surface [12,20]. 
Comparing with graphene, CNTs do not suffer from the serious is-sues 
caused by the aggregation and stacking of the graphene nanosheets in real 
fuel cells [21,22], and hence Pt coated CNTs have shown good 
performance in working fuel cells when the end application is well 
considered. For example, Tang et al used a thermal chemical vapour 
deposition (CVD) technique to grow a layer of CNTs on carbon paper and 
subsequently sputter coated Pt nanoparticles onto the surface [23]. Aligned 
arrays of CNTs were also achieved through CVD on quartz or aluminium 
substrates, which once transferred onto the Nafion electro-lyte membrane 
during MEA fabrication, show promising PEMFC per-formance [24,25]. 
Improved performance at high current densities was attributed to the 
ordered arrangement of the CNTs allowing effective gas and ion 
transportation, in addition to improved water management resulting from the 
hydrophobicity of CNTs. 
 
Additionally 1D Pt nanostructures have shown enhanced perfor-
mance compared to commercial catalysts at high current densities due 
to their regular alignment and increased catalytic activity [26,27]. The 
increase in catalytic activity comes primarily from the preferential 
growth in the < 111 > crystallographic plane thus exposing highly 
crystalline surface facets [28]. The combination of 1D Pt 
nanostructures and novel carbonaceous supports have therefore 
shown much improved catalytic performance although their promise 
has not yet been realised in practical fuel cells [29].  
There is therefore space for a scalable synthetic technique of ad-
vanced Pt nanostructures supported on N-doped CNTs where not only high 
activities can be exhibited but also good fuel cell power perfor-mance. In 
this work, we demonstrate the growth of CNTs directly onto gas diffusion 
layer (GDL) substrate by a plasma enhanced CVD (PECVD) approach, 
followed by N-doping achieved through active surface screen plasma (ASP) 
treatment, which has been previously employed for the functionalisation of 
carbon nanofibers [30] and even the GDL surface [31]. Short Pt nanorods 
are then grown onto the N-CNTs using a simple formic acid (HCOOH) 
based approach. The fabricated Pt/N-CNT gas diffusion electrodes (GDEs) 
are used directly as cathodes and tested in single H2/air and H2/O2 PEMFCs 
and compared to commercial Pt/C electrodes, evaluating the impact that 
the N-CNT support has on the catalytic properties of the Pt nanorods and 
the role that the porous catalyst layer structure has on the mass transport of 
reactant gases. 
 
2. Experimental 
 
2.1. Materials 
 
H2PtCl6 (8 wt% in water), HCOOH (≥ 95%), isopropyl alcohol (IPA) 
and ethanol (EtOH) were purchased from Sigma-Aldrich, UK. 10 wt% 
Nafion® solution (D1021) was obtained from Ion Power Inc., Germany. 
All H2O was deionised using a Millipore water system (18 MΩ). 
Sigracet 39 BC GDLs were purchased from Fuel Cell Store, USA. A 
commercial Pt/C catalyst was used as a benchmark (45.9 wtPt%, 
TEC10E50E, Tanaka KikinzokuKogyo K. K. (TKK)). GDEs with 0.4 
mgPt cm−2 were acquired from Johnson Matthey (JM), UK and used as 
anodes for all MEAs. 
 
2.2. N-CNT growth on the GDL surface 
 
For the low temperature growth of carbon nanotubes, an active screen 
was set up on top of the samples during the growth process. The schematic 
diagram of the active screen settings within the PECVD system is shown in 
Fig. 1. Two 316SS active screen lids were put on top of the samples. The 
Sigracet 39 BC GDL was loaded onto the bottom worktable with the 10 mm 
separation between the lid and the sample.  
The processes of the synthesis of CNTs are described as follows: 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of the active screen settings to synthesize CNTs with 
P500 + PECVD system. 
 
Firstly, the chamber was pumped down to a base pressure of 1 × 10−5 
mbar to avoid the interference of the residual air. After that, the sam-
ples were heated to 320 °C. Gas mixtures of Ar and H2 were subse-
quently fed into the chamber with flow rates of 50 sccm and 30 sccm 
respectively. The plasma was then turned on with a radiofrequency 
(RF) power of 300 W to clean the GDL surface. The cleaning process 
continued for 10 min. When the working temperature had stabilized, 
C2H2 gas was fed into the chamber as the carbon source at a flow rate 
of 5 sccm. During the growth process, C2H2 gas was diluted by Ar (50 
sccm) and H2 (20 sccm). The deposition was carried out with gas 
pressure of 1 mbar and working power of 30 W for 30 min. After the 
deposition, the power was shut down and C2H2 gas was stopped but 
exposure to the ambient of Ar and H2 (50 sccm and 20 sccm, respec-
tively) which was maintained during the cooling process down to room 
temperature. After the growth of CNTs, the CNT GDL was nitrided by 
N2 plasma in an ambient of N2 and H2 (25% and 75%) at 200 °C for 10 
min to obtain the N-CNT GDL. 
 
2.3. Pt deposition 
 
Pt deposition on the N-CNT GDLs was accomplished by the fol-
lowing simple HCOOH reduction approach: the N-CNT GDL was 
wetted with H2O and IPA before transferring to a petri-dish where a 
solution of 168 μL H2PtCl6 (8 wt% solution) in 8 mL H2O was added. 
530 μL of HCOOH was then added and the sample was left to react at 
40 °C for 72 h followed by washing with H2O and IPA. The Pt/N-CNT 
GDL was then dried in the oven at 60 °C and used directly as gas 
diffusion elec-trodes (GDEs) for fuel cell test. 
 
2.4. Physical characterisation 
 
Scanning electron microscopy (SEM) analysis was conducted on 
the representative GDEs using a Jeol 7000 F SEM with accelerating 
voltage 20 kV. Transmission electron microscopy (TEM) imaging was 
per-formed with a Jeol 2100 TEM, UK, with an accelerating voltage of 
200 kV. The samples were prepared from catalysts scraped from the 
catalyst layer supported on Cu grids (300 mesh). High resolution TEM 
(HR-TEM) was conducted on a FEI Talos F200 TEM with accelerating 
voltage 200 kV. Thermogravimetric analysis (TGA) analysis was per-
formed to 1 cm2 pieces of GDEs in air from 20 to 900 °C to estimate 
the Pt loading. X-Ray diffraction (XRD) was run on a Bruker D8 Auto-
sampler with a Cu Kα X-Ray source (λ = 0.15406 nm) between 2θ 
values of 5-90° with a step size of 0.02° and dwell time of 0.47 s. X-ray 
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photoelectron spectroscopy (XPS) analysis was performed on a 
Thermo Fisher Scientific NEXSA spectrometer. The samples were 
analysed using a micro-focused monochromatic Al Kα source (72 W) 
over an area of approximately 400 microns. Charge neutralisation of 
the sample was achieved using a combination of both low energy 
electrons and Ar ions. All the data analysis was performed on the 
CasaXPS software (version: 2.3.18PR1.0) and sample charging 
corrected using the C 1s peak at 284.5 eV as reference. The pore size 
distributions of the as-prepared electrodes were determined using a 
mercury porosimeter (AutoPore IV, Micromeritics). 
 
2.5. MEA fabrication and single cell testing 
 
For Pt/N-CNT electrodes, 91.4 μL 10 wt% Nafion® solution (0.6 mg 
cm−2) in 0.2 mL IPA was sonicated using a sonic bath for 5 min. before 
painting onto the electrode surface. The GDEs were then hot pressed 
to Nafion 212 membrane with the ionomer coated JM GDEs as anodes 
at 135 °C for 2 min. under an 1800 lb load. Benchmark GDEs were 
prepared from TKK Pt/C catalysts. Typically, a catalyst ink was made 
by dispersing a mixture of 13.9 mg Pt/C (TKK), 0.5 mL IPA and 91.4 μL 
Nafion® solution (10 wt%) by sonication horn (130 W, 20 kHz for 10 
min. at 20% power). The ink was then painted onto a 16 cm2 Sigracet 
39 BC and left to dry at room temperature.  
A PaxiTech-Biologic FCT-50S (Grenoble, France) PEMFC test 
stand was used for all single cell performance tests and electrochemical 
im-pedance spectroscopy (EIS) measurements. CV cycles and H2 
crossover measurements were run using an integrated EZStat-Pro, 
NuVant Systems Inc., USA. Polytetrafluoroethylene (PTFE) gaskets 
with thick-ness 254 μm were used for a gas seal at both the anode and 
cathode. The membrane was hydrated by holding the cell at 0.6 V for at 
least 10 h with cathode/anode conditions of fully humidified air/H2 at 1.5 
bar/ 1.5 bar absolute pressure and 1.5/1.3 stoichiometric coefficient. 
Break in and polarization curves were obtained with the cathode/anode 
fed with air/H2 at 2.3 bar/2.5 bar absolute pressure and 1.5/1.3 stoichio-
metric coefficient at 30%/50% relative humidity (RH), using the EU 
harmonized procedure. (G)EIS at 30 mA cm−2 and (P)EIS at 0.65 V 
and 0.5 V were recorded between 10 kHz-0.1 Hz with an amplitude of 
72 mA, 10 mV and 10 mV, respectively.  
For the kinetic characterization the cathode was fed with O2 as the 
oxidant gas, and the stoichiometric coefficient was changed for the 
cathode/anode to 9.5/2, and the absolute pressures changed to 1.5 bar/ 
1.5 bar respectively. The real impedance at the high frequency is taken 
as the uncompensated resistance for iR correction. To measure the 
parasitic H2 crossover current, with the cathode being fully saturated 
with N2, the potential was held at 0.5 V for 30 min. and the final current 
recording was taken. Cycle voltammetry (CV) analysis was run between 
0.05–1.2 V vs. RHE at 20 mV s−1 with N2 at the cathode. 3 cycles were 
recorded and the final one was used for electrochemical surface area 
(ECSA) calculation. To evaluate the durability of the cathodes, ac-
celerated stress test (AST) was performed with 3000 potential sweeping 
cycles between 0.6–1.2 V at a scan rate of 100 mV s−1. The ECSA 
values before and after the AST were used for comparison. 
 
3. Results and discussion 
 
3.1. Physical characterisation 
 
In order to fabricate high performance electrodes for use in PEMFCs, 
CNTs were grown on a commercial Sigracet 39BC GDL via PECVD and 
subsequently nitrided using ASP treatment. Surface SEM images of the 
plain GDL and N-CNT GDL are shown in Fig. 2. The GDL surface mainly 
consists of carbon nanospheres at about 30–50 nm forming aggregates of 
100–500 nm. Sigracet 39BC GDL also contains 5% PTFE coated on carbon 
nanospheres to prevent water flooding in practical operation. Fig. 2c and d 
show the GDL surface after the deposition of N-CNTs. It can be seen that 
N-CNTs form a thin porous layer on the surface, and 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Surface SEM images of (a) 39BC GDL and (b and c) N-CNT GDL. (c) 
shows the cross-section image of the N-CNT GDL. 
 
 
the surface profile of the GDL is remained on the whole. N-CNTs are 
not highly ordered, but generally pointing out with an aligned structure.  
TEM analysis was performed to observe the Pt/N-CNT nanos-tructures 
scraped from the GDE and the images are shown in Fig. 3. Entwined 
multiwall N-CNTs have an average diameter of ca. 10–20 nm and lengths 
of hundreds of nanometers. Some have an irregular nano-tube morphology. 
This is the same to the former report by a PECVD approach [25]. The 
nitriding provides the CNT surface with many de-fects which then act as 
required sites for Pt nucleation in the following Pt growth [28], leading to 
uniformly covered short Pt nanorods on the surface. The Pt nanorods have 
a diameter ca. 3–4 nm and lengths up to 10 nm. This ultrathin diameter is 
also ascribed to the defects formed by N doping on the CNT surface, 
confining the Pt atoms in reaction solu-tion to generate tiny nanoseeds thus 
inducing the following growth to achieve ultrathin 1D nanorods [31,32]. The 
length is shorter compared 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) TEM images of N-CNTs supported on GDL surface and (c,d) Pt/N-CNTs scraped off the GDE surface, (d) HR-TEM images of Pt nanorods demonstrating the 
inter-lattice spacing of single crystal Pt nanorods growing along < 111 > direction. 
 
with those obtained in room temperature but agree with our early work 
obtained at 40 °C [27]. The HR-TEM analysis (Fig. 3d) confirms the 
single crystal structures of these Pt nanorods growing along < 111 > 
direction. An inter-lattice spacing of 0.23 nm is observed consistent 
with the (111) plane and thus demonstrating highly ordered crystal-
linity and preferential growth along the < 111 > direction, promoted by 
the use of HCOOH as the reducing agent [33].  
TGA analysis (Fig. S2) indicates Pt loadings of 0.41 mg cm
−2
 and 0.19 
mg cm
−2
 for Pt/C and Pt/N-CNT GDEs, respectively. Such a low Pt loading 
brings some difficulties for XRD analysis. XRD patterns of Pt/C, N-
CNT/39BC and Pt/N-CNT GDEs are compared in Fig. 4a. Although all Pt 
peaks can still be indexed (JCPDS-04-0802), the intensity is very weak due 
to the very low Pt content. Notably Pt peaks are better de-fined for the Pt/N-
CNT sample compared to the Pt/C demonstrating a higher crystallinity of Pt 
within nanorods. With N-CNT/39BC, the peaks in the 2θ range 12-25° are 
indexed to amorphous carbon and the dis-tinctive peak at 26.6° is for (002) 
of graphitic carbon [34].  
XPS was conducted on the surface of the GDEs and a survey scan 
of the Pt/N-CNT GDE is displayed in Fig. 4b. The nitriding of the CNT 
structure is confirmed by the N1 s spectrum (Fig. 4c) observed for N-
CNT/39BC (data shown in Table S1). The N1 s peak are fitted with 
assigned characteristic peaks for pyrridinic (398.1 eV), pyrrolic (399.4 
eV), quaternary (400.8 eV) and pyridinic N-oxide (403.4 eV) [13,35]. 
Quaternary and pyrrolic N dominate the spectrum for N-CNT/ 39BC, 
but after the growth of Pt onto the N-CNT surface (Fig. 4c bottom), 
pyridinic N with the addition of M-N peaks (397.2 eV) be-comes more 
prominent. While it has been shown that Pt deposition 
 
occurs on the hetero-atom dopants or on defects induced by such do-pants 
[36], the increase in pyridinic N here suggests that the Pt growth induces 
defects themselves thus promoting further nucleation. As a result nanorod 
sizes remain small and extended nanowire structures as seen from Pt 
reduction with formic acid on amorphous carbon are not observed [26]. Fig. 
4d compares Pt4f scans of Pt/C and Pt/N-CNT, and the intensity of the 
peaks for the Pt/N-CNT GDE is much higher, in-dicating that most of the Pt 
present within the electrode is at the surface corresponding well with the 
SEM analysis above (Fig. 2). From the Pt4f region the Pt on Pt/N-CNT is 
composed almost entirely of Pt(0), whereas the Pt on Pt/C is composed of 
56 atm% Pt(0), 34% Pt(II) and 10% Pt(IV) suggesting that the N-doped 
support reduces the Pt-O bond strength in relation to conventional 
supports. A small Pt(0) 7/2 peak shift of around 0.25 eV to lower binding 
energies is also observed for the Pt/N-CNT GDE compared to the Pt/C 
GDE, indicating an increased electron density on the Pt, transferred from 
the N-CNT support [36]. 
 
3.2. Electrode performance 
 
To assess the performance of the Pt/N-CNT GDE under realistic 
operating conditions for automotive applications, polarisation curves and 
EIS spectra were obtained under the harmonised EU testing pro-tocol and 
are shown in Fig. 5. At the conventional fuel cell operational voltage 0.6 V, 
the power outputs obtained for the Pt/C and Pt/N-CNT GDEs are 0.442 and 
0.544 W cm
−2
, respectively. Despite a much lower Pt loading with the Pt/N-
CNT electrode, a 1.23 fold increase in power output is achieved here. The 
comparison of EIS patterns at a low current 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) XRD spectra for the Pt/C GDE, N-CNT/39 BC GDL and Pt/N-CNT GDE. (b) XPS survey for the Pt/N-CNT GDE. (c) N1 s XPS spectra for N-CNT/39BC (top) 
and Pt/N-CNT (bottom) GDEs. (d) Pt4f XPS spectra for Pt/C (top) and Pt/N-CNT (bottom) GDEs. The vertical line indicates the Pt peak shift of around 0.25 eV. 
 
density of 30 mA cm−2, corresponding to a high voltage (Fig. 6b) ex-
hibit close semicircles for both samples, indicating similar charge 
transfer resistance and kinetic activities. However the EIS spectra at 
high current densities/low voltages, 0.65 and 0.5 V, shows that besides 
from the lower semicircle at the high frequency range for the Pt/N-CNT 
GDE due to the improved ORR kinetics, a much smaller semicircle at 
the low frequency range reveals significantly reduced mass transport 
loss for the Pt/N-CNT GDE as compared to the Pt/C GDE, potentially 
resulting from the thin open catalyst layer.  
To further understand the enhanced power performance of the Pt/ N-
CNT GDE, ECSA and mass activities were obtained with MEA test in single 
cells. Cathode CVs of both electrodes are shown in Fig. 6a and the ECSA 
for the Pt/C electrode is calculated as 40.1 m
2
 gPt
−1
 (using the hydrogen 
desorption for the charge transferred and following the cal-culation method 
described well by Garsany et al. [37]). For Pt/N-CNT, the calculated ECSA 
is 21.9 m
2
 gPt
−1
. The lower ECSA for Pt nanorods results from their 1D 
nanostructure, which is also close to the value reported by our group before 
[31]. The mass activities from MEA test under O2 was carried out following 
standard DOE protocol considering an iR and H2 crossover corrections 
using the method detailed by 
 
Gasteiger et al. [38]. Fig. 6b shows the original and corrected polar-
isation curves for the MEAs tested under O2. The lower ECSA together 
with a lower Pt loading for the Pt/N-CNT GDE results in a slightly lower 
open circuit potential (OCP), which is as expected. Despite this initial 
efficiency loss for the Pt/N-CNT electrode, potential losses are smaller 
for Pt/N-CNT at currents greater than 0.2 A cm-2. The mass activities 
calculated from the corrected polarisation curves at 0.9 V are 0.065 and 
0.060 A/mg for Pt/N-CNT and Pt/C electrodes, respectively. A lower 
Tafel slope for Pt/N-CNT (44 mV dec−1) compared to Pt/C (69 mV 
dec−1) is also observed from the corrected polarisation curves. The 
transition of Tafel slope for Pt/C to higher values at higher over-po-
tentials are often attributed to a decrease in Pt oxide coverage [39,40], 
however in the low over-potential region differences in Tafel slope are 
attributable to a difference in the rate determining step for the reaction 
[41]. One possibility is the reduced susceptibility to Pt oxide formation in 
the Pt/N-CNT catalyst as compared to the Pt/C (TKK) catalyst as 
evidenced both by the Pt4f XPS (Fig. 4d) and the more positive redox 
potential for PtO formation and reduction in the CV (Fig. 6a), which 
shifts the rate determining step away from the O2 dissociation. Lower 
Tafel slopes have however been reported in previous reports of thin film 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Polarisation and power density curves (a), and Nyquist plots from EIS analysis in the frequency range 10 kHz – 0.1 Hz at (b) 30 mA cm
−2
; (c) 0.65 V and (d) 0.5 
V for the Pt/C and Pt/N-CNT GDEs under cathode/anode operating conditions of air/H2, 1.5/1.3 stoichiometric flow, 2.3 bar/2.5 bar, 30%/50% RH at 80 °C. 
 
 
Fig. 6. (a) Cathode CVs of the Pt/C and Pt/N-
CNT GDEs. (b) original uncorrected and cor-
rected H2/O2 performance of the MEAs of the 
Pt/C and Pt/N-CNT GDEs. Measurements were 
taken at 80 °C with fully humidified reactants at 
1.5 bar (H2/O2 stoichiometric flows of s = 2/ 9.5). 
The resistance-corrected cell voltage was 
determined via in situ EIS (evaluated at the high 
frequency) vs. current density. Current densities 
were H2 crossover corrected to yield the shown 
effective current density.  
 
 
 
 
catalyst layers and lower Pt loadings [27,42,43], and so the evidence 
suggests that asides from material composition, the catalyst layer 
structure has a considerable role in the kinetics of the ORR reaction 
that needs to be much better understood because of the clear impact 
that it has on the overall fuel cell performance.  
The improved mass transport properties of the Pt/N-CNT can in 
part be ascribed to the reduced catalyst layer thickness, in which the 
catalyst is closer to the PEM results in a smaller migration path of the 
protons and hence a smaller proton transport resistance. Analogously 
with re-gards to gaseous transport, a decrease in mean free path due 
to thinner catalyst layer also results in faster reactant mass transport.  
Alongside catalyst layer thickness, the porosity of the catalyst layer 
also has consequences for the mass transport resistance in operating 
PEMFCs. While large pores in the catalyst layer are best kept hydro-
phobic for effective product removal and reactant transport, the small 
pores benefit from an increased proton transport with wettability. For 
example, replacing the conventional Nafion ionomer with the short side 
chain Aquivion ionomer has been shown to enhance PEMFC 
performance by being unable to penetrate the small pores and hence 
these regimes retain the natural hydrophobicity of the support [44]. 
 
 
 
 
As shown in the SEM images (Fig. 2), the aligned Pt/N-CNT catalyst 
layer shows a protruding structure of nanotubes which visibly in-creases 
the penetration of Nafion ionomer into the catalyst layer and hence an 
increase in proton transport is expected to be a source of improved 
PEMFC performance. A comparison of the pore size dis-tribution for 
Pt/C (TKK) and Pt/N-CNT GDEs is conducted based on the data 
obtained by mercury porosimetry analysis (Fig. S4). The pore size 
distribution of the Pt/C electrode shows an intense peak at ca. 100 nm 
which is very low for the Pt/N-CNT electrode, confirming the enhanced 
openness of the Pt/N-CNT electrode structure. Although thin film 
electrodes are reported to be susceptible to flooding, no is-sues were 
found for the Pt/N-CNT GDE as a result of a lack of non-noble cations 
which can increase the hydrophilicity of the catalyst surface [45] and the 
overall hierarchical structure of the catalyst layer [46]. While an 
assessment on the influence of pore size distribution is the objective of 
a future study however, it is clear that the improved performance of the 
Pt/N-CNT GDE in comparison to the Pt/C GDE is attributable to the 
unique catalyst layer structure afforded by the CNT support. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. (a) ECSA and (b) polarisation curve comparison for the Pt/C and Pt/N-CNT GDEs before and after the AST. The insert in (a) shows the CVs in the range 0.05–
1.2 V vs. RHE. 
 
3.3. Accelerated stress testing 
 
Pt supported on N-CNTs have been reported to show improved 
stability compared to Pt/C catalysts after AST tests, attributed primarily 
to the improved carbon corrosion resistance of CNTs compared to 
mesoporous carbon [47]. Furthermore, 1D single crystal 
nanostructures also possess a better stability compared to their 
nanoparticle counter-part as electrocatalysts due to the special surface 
properties [48,49]. This work provides further evidence for these 
because after 3000 AST cycles at the high potential range (0.6–1.2 V 
vs. RHE) at the operation temperature, the Pt/N-CNT electrode shows 
a much smaller surface area loss of 41% compared to a 76% decrease 
for Pt/C (Fig. 7a), de-monstrating a higher stability of the Pt/N-CNT 
catalyst in MEAs. The power density of the MEAs after the AST was 
also tested for both samples. A higher power performance is also 
obtained for the MEA with the Pt/N-CNT GDE, 0.339 W cm−2 at 0.6 V 
over 0.308 W cm−2 for Pt/C (Fig. 7b). But, comparing to a much less 
ECSA loss in AST, the power density decline for the Pt/N-CNT GDE is 
38%, higher than 30% of the Pt/C GDE. Considering the better stability 
of the catalyst, this is po-tentially caused by the electrode structure 
degradation due to the dif-ferent surface contact of Nafion electrolyte 
ionomer with nanowires as compared to with nanoparticles, which has 
also been reported by our and other research groups [48]. 
 
4. Conclusions 
 
We have demonstrated direct fuel cell electrodes with a catalyst layer 
from Pt nanorods supported on N-doped CNTs. The direct deposition of 
CNTs by PECVD on GDLs forms a thin catalyst layer with open structure 
leading to a much improved mass transfer performance. The ASP treat-
ment successfully nitrided the CNT surface providing nucleation cites for 
the in-situ growth of uniform highly active ultrathin Pt nanorods, finally 
delivering a larger mass activity. Both factors finally lead to a high power 
performance in H2/air fuel cells. Furthermore, the Pt/N-CNTs exhibit a lower 
ECSA decline over Pt/C even after the durability test in PEMFCs due to the 
high stability of CNTs and Pt nanorods, showing a higher power 
performance but a slightly larger degradation percentage which can 
potentially be ascribed to the degenerate electrode structure caused by the 
poor contact between electrolyte ionomer and nanorod catalysts. 
Considering the easy scalability of PECVD, ASP and in-situ growing 
methods, therefore there is much promise for this electrode fabrication 
approach to produce very high performance electrodes after a further 
research to address the interface behaviour between catalyst and io-nomer 
for long-term applications. 
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